The effect of x-irradiation on grasshopper spermatogenesis was studied with the aid of light and electron microscopy. The insects were irradiated at the second instar prior to the presence of maturation stages and observed at the last instar and imago stages. Dosages of 100 to 600 roentgens were found to retard the differentiation of the nucleus and mitochondrial nebenkern in spermatids. Evidence is presented that irradiation causes a curtailment and disorganization in the differentiation of the nebenkern from mitochondria. The above doses also induced the formation of supernumerary centrioles, flagellar filaments and acrosomes; nuclear disorganization as well as pycnosis and fragmentation also occur. The nucleus appears to be drawn toward each radiation-induced supernumerary acrosome, with consequent muhipolarity of the nucleus. Induction of a set of flagellar filaments is seen only where the centriolar structure is in contact with the nucleus. Details are given of an organelle, heretofore not described, that is composed of anastomosed and interwoven cytoplasmic strands.
INTRODUCTION
Cells in the inductive phase of cellular differentiation are most sensitive to ionizing radiation (1-4). Since organelle generation and differentiation precede the more gross changes in cellular morphology, it was considered that the radiosensitivity might be associated with organelle morphogenesis. Intracellular morphogenesis has been extensively studied in the development of insect sperm (5-7). Therefore, the effect of x-radiation on the organelles of the grasshopper spermatid was determined using light and electron microscopy. It will be shown that relatively low doses of x-radiation cause the induction of supernumerary acrosomes, centrioles, and sets of flagellar filaments, and interfere with the differentiation of the nebenkern and nucleus.
MATERIAL AND METHODS

Male nymphs of the grasshopper Melanoplus difJerenlialis differentialis Thomas at two instars prior to
the imago stage were separated into groups of 15. Each group was irradiated at 50 r per minute. The source of radiation was a G. E. Maximar operated at 250 kvp. with 0.25 ram. copper and 1.0 mm. aluminium filtration to give a beam with half-valuelayer of 1.15 ram. Cu. Initially doses from zero to 600 r were evaluated, though most of the experiments described here involved x-ray doses of 200 and 400 r. At various intervals following irradiation three individuals from each dose group were taken for cytological examination. The testes were placed in Belar (8) Abnormal differentiation of the spermatozoon 13 days after the insect was given 400 r, showing also supernumerary sets of flagellar filaments (TB).
FIGURE 5
Abnormal spermatid differentiation 13 days after 400 r. Supernumerary centrosomes (SC), sets of flagellar filaments (TB), and the atypical body (B) which in this instance may be centrosomal in origin.
FIGURE 6
Abnormal spermatozoon differentiation 13 days after 400 r, showing supernumerary acrosomes (A). Apices of the nucleus form toward each acrosome.
FIGURES 7 and 8
Bipolar spermatids caused by 600 r and observed 18 days postirradiation. Each spermatid has two tails.
FIGURE 9
Multipolar spermatids with several tails and multiple sets of flagcllar filaments (TB), 18 days after 600 r.
separated from each other and adhering fat and tracheoles were removed. Some of the follicles from each testis were fixed immediately in Belar solution containing 1 per cent OsO4 and then embedded in methacrylate as described by Borysko (9) . A PorterBlum or SjSstrand microtome was used to obtain sections for electron microscopy (RCA-EMU-2A or 3A). Other follicles were transferred from Belar solution to a slide apparatus designed to orient cells (10) for direct microscopy. Either a Zeiss Winkel or Leitz ortholux with phase optics was used for observation of living material.
RESULTS
Follicles of grasshopper nymph testes at two instars before the imago stage, i.e., at the time of irradiation in this study, contain spermatogonia and some early spermatocytes. Normally by the termination of this instar the various recognized maturation stages (5) leading to diakinesis are found. In the terminal instar primary and secondary meiotic divisions take place forming spermatids. These begin differentiating to spermatozoa even before the imago stage. Spermatogonia of irradiated grasshoppers also reach the spermatid and spermatozoon stages by the end of the terminal instar (Figs. 2 and 6 ). The fact that spermauds and spermatozoa are present in the irradiated material (Figs. 1 to 9 ) indicates that the radiation doses employed here do not prevent passage through the various maturation stages and meiotic divisions. However, abnormalities of organelle development, as well as alteration in spermatozoal shape, were observed to follow irradiation (Figs. 1 to 9 ). These are discussed in detail below.
The Mitochondrial Nebenkern
That the orthopteran nebenkern is derived from mitochondria has long been recognized (5-7, 11 13). It is here pertinent to summarize the process and introduce several new details. During the second meiotic division the mitochondria, now very large, aggregate and align in axial orientation with the spindle (5). As the cleavage furrow closes, each end of the elongate mitochondria begins to extrude into a u-shaped filamend (of. 6 ). The filament arms associate in the form of a crescent and partially encircle each spermatid nucleus. Knob-like structures now begin to form in the tips of the crescent at the expense of the body (Fig. 12A) . Fig. 12 , a knob at greater magnification, shows incorporated endoplasmic reticulum (14) . The knobs become more distinct ( Fig. 12 ) and move toward each other (6) . Coalescence of the knobs gives rise to the chromophilic and then the two-sectioned chromophobic nebenkern. Both sections then elongate on one side of the set of flagellar filaments to become part of the neck piece of the spermatozoon.
At this point we wish to describe a new struc-1 The word "filament" is used here to refer to any of several intracellular structures that appear fiberlike in the photomicrographs, It carries no implication that the structures so referred to are of common origin or that they possess similar ultrastructure.
FIOURE 10
Textum (T) in a spermatid which received 200 r 8 days before testis was fixed. X 10,000.
FIGURE 11
Same texture (T) as shown in Fig. 10 at a higher magnification. Notice how the adjacent filaments interlace to form the nodes. The basic figure is an equilateral triangle receiving filaments from three directions. X 31,000.
FIGUaES 1~ and I~A Fig, 12A shows the early mitochondrial nebenkern nodes in a living normal spermatid, phase contrast X 1,000. Compare one of these nodes with that in the electron micrograph in Fig. 12 as to shape and size. Mitochondrial filaments (FM) surround endoplasmic reticulum (ER), which is probably incorporated in the formation of the nebenkern (21 days after 400 r irradiation). X 12,000.
ture that is labeled '7" in Figs. 10, 11, 13, and 14. This structure appears in spermatocytes as well as in spermatids. It resembles a grid of equilateral triangles in an amazingly regular pattern; the grid is formed by single twists of parallel pairs of adjacent filaments, leaving the filamentous arms at approximately 60 ° . Peripheral filaments apparently cross the grid at more extreme angles and at regular spacings to form the array of triangles. We propose the Latin term texture (that which is woven) for the above structure. Neither the parallel filaments nor the texture proper contain Palade granules. On the basis of repeated observations we believe that the textum is a flat structure that is soon lost in consecutively cut sections. The texture is described here because of possible association with the mitochondrial nebenkern.
Following irradiation we have not been able to detect visible abnormalities in spermatogenesis until the second maturation division is under way, when one can sometimes observe impaired development of the nebenkern. For example, Fig. 15 shows a spermatid in which the knobs have failed to move toward each other. They remained in situ, and one then differentiated to the chromophilic nebenkern stage. Fig. 16 shows another effect of irradiation on nebenkern development, namely, the formation of unequal chromophobic moieties and the probable retention of a texture with a portion of the connecting filaments. Normally the texta and filaments are not seen in the chromophobic nebenkern. This figure, as well as Fig. 15 , suggests that the texta and filaments may contribute to the final volume of the nebenkern. The circular cross-section of the set of flagellar filaments indicates that the inequality of size is not the result of sectioning in a plane other than that perpendicular to the longitudinal axis of the spermatid.
Occasionally irradiation results in subsequent dissolution of the nebenkern at the filamentous stage; the texture, although it is also of filamentous material, retains its structure (Fig. 17) , apparently being morphologically more stable. At times after such filament disintegration, residual texta are encountered at the lower portion of the tail (Fig. 18) . However, texta with uninjured filaments have also been observed in the tail region of unirradiated spermatids.
Where no obvious dissolution of the nebenkern occurs following irradiation, a change in the polar behavior is sometimes manifest. Fig. 19 shows nebenkern moieties in the tail of a developing spermatid in which the lower nebenkern (ARK) is developing normally, i.e., the main body moves posteriorly forming a process which extends to the centriole, whereas the upper nebenkern (NKR) is elongating in the opposite direction.
Centrioles and Tails
In the orthopteran spermatid the centriole differentiates into four discrete centriolar organelles (5), shown in Fig. 20 , that may be considered as the centriolar complex. The complex is coinposed of: C1, a cylinder with nine pairs of peripheral filaments; Ca (Fig. 20A) , a ring structure whose internal diameter is slightly larger than C~;
FIGURE 13
Early mitochondrial nebenkern showing relationship of the textum (T) to the filamentous mitochondria (FM) and endoplasmic retieulum (13 days after 100 r). M 15,000.
FIGURE 14
Texta (T) in spermatids from non-irradiated nymphs. ;< 31,000
FIGURE 15
Filamentous mitochondria in spermatids. In the cell to the right one-half of the nebenkern on the left of the cleavage furrow has contracted and differentiated, the knob to the right having apparently been inhibited from fusion with the other half (13 days after 100 r). M 3,000.
and C~, a lateral hemispherical adjunct of Cv A fourth structure has been observed sometimes as a small appendage attached to C2. At the early spermatid stage the centriolar body differentiates into Ca and Ca. These separate, and C1 attaches to the nuclear membrane. C~ then gradually forms to surround C1. Meanwhile the ring structure Ca moves toward the cell membrane and becomes oriented to permit passage of the flagellar filaments (Fig. 20) . The flagellar filaments are formed as an apparent extension of Ca, and pass through Ca. It should be noted in Fig. 20 (as well as in Figs. 21 and 24 ) that the longitudinal axis of C~ follows that of the flagellar filaments, unlike the perpendicular orientation that is observed in mammalian material (15, 16) .
The most striking effect of radiation upon centrioles is the production of supernumerary centriolar complexes in the spermatid. Fig. 22 , a section in the plane of two of the sets of flagellar filaments, shows four supernumerary centrioles. In some follicular cysts practically every spermatid contains numerous centrioles; the number may be as high as twenty. In untreated grasshopper testes, only occasionally will one encounter a spermatid with two centrioles and sets of flagellar filaments.
Usually in the spermatid the centrioles affix firmly to the nuclear material. As indicated in Fig. 21 , even a nuclear fragment (probably induced by irradiation) may be affixed simultaneously. Occasionally, however, a centriole does not become attached to the nucleus. Such a centriole increases in diameter at least several fold. Concomitantly, within C: appear what seem to be numerous replicated Ca structures (Fig. 23) , which do not develop flagellar filaments. Furthermore, no unattached centrioles with flagellar filaments were ever encountered. It may be inferred that attachment of the centrioles Ca and C~ to the nucleus is required for the differentiation of a set of flagellar filaments.
One set of flagellar filaments develops from each attached supernumerary centriole. Radiation thus indirectly produces supernumerary sets of flagellar filaments and supernumerary tails. Fig. 25 shows in cross-section six tails, five of which contain four sets of flagellar filaments each. The light photomicrographs of Fig. 7 to 9 illustrate the formation of supernumerary tails, each with barely detectable supernumerary sets of flagellar filaments. Radiation does not alter the number of fibrils or the filamentous structure within a set of flagellar filaments. Likewise unaffected are the nine peripheral fibrils enclosing the one additional pair in the center (Fig. 25) .
Acrosome
The morphogenesis of the acrosome (17) will be treated in detail elsewhere. In brief, the acrosome originates from the Golgi apparatus. The Golgi produces granules which aggregate to form a proacrosome. This body comes into contact with both the nuclear and cell membranes. A dense region develops within the acrosome adjacent to the cell membrane. An acrosomal vesicle or cap develops outside and separate from the cell membrane. Eventually this complex, considerably elongated, attaches to the end of the nucleus opposite to the set of flagellar filaments (Fig. 26) .
Occasionally, radiation causes the formation of supernumerary acrosomes, which are found attached to the nucleus at individual apices (Figs. 6 and 27). Where nuclear fragmentation follows
FIGURE 16
Spermatld showing cross-sections of three sets of flagcllar filaments (arrows, TB) induced by irradiation. The upper nehenkern half is apparently normal, the lower small nebenkern half having not incorporated all of the filamentous mitochondria and the texture (T). Notice the relationship of the texture to each moiety, the complex norreally becoming eventually knit into one body (7 days after 200 r). X 25,000.
FIGURE 17
Irradiation effect on a nehenkern, with on|y the textum (T) remaining (7 days after 200 r). X 25,000.
irradiation the acrosome can apparently associate with the nuclear fragments simultaneously (Fig.  28) . On the other hand if an acrosome is not present, the sperm loses polarity. Tails may develop at random or at diametrically opposed regions (Figs. 7 to 9) , and the nucleus may become polymorphic as shown in Figs. 6 and 27.
The Nucleus
Following irradiation, the differentiating nucleus of the spermatid shows, in addition to the polymorphism mentioned above, fragmentation (Fig. 28), fissures (Fig. 27) , and partial lysis or pycnosis limited to relatively small areas within the nucleus.
DISCUSSION
Relatively little is known of the changes induced in organelles by ionizing radiation. Yet, alterations at this level are the first open to visible exarnination, and are obviously bases of subsequent alterations in cell development. The present work shows that radiation-induced changes in cell morphology are preceded by either alteration or curtailment of organelle differentiation. Further° more, organelle differentiation during spermatogenesis is altered by doses that have not visibly affected the antecedent mitotic, maturation, or meiotic divisions; the grasshoppers which were irradiated during the third instar, when no late spermatocytes were present in the testes, showed the first effects of radiation at the last instar.
Discussion of these radiation effects is facilitated by dividing the spermatid organelles present at the time of irradiation into two classes: those (e.g., mitochondria) that reorganize to form new organelles, and those (e.g., Golgi and centrioles) that do not reorganize, but somehow act or interact to produce new organelles by de novo synthesis. The organelles produced by de novo synthesis (acrosome, flagetlar filaments) were of course not present at the time of irradiation. Both of the above ontogenies are affected by radiation.
In organelles of the first class, those that reorganize, the reorganization is either curtailed or altered to various degrees. Mitochondrial curtailment is manifest as a blocked differentiation of part of the filamentous mitochondria (nonincorporation of the textuin), and unequal development of the nebenkern moieties. Blocking may occur in the development of polarity of the nebenkern. In the formation of the neck piece, one part of the nebenkern may grow toward the nucleus, the other may extend in the opposite direction. In the elongation of the nucleus to form the head, extension in several axes may occur. Sometimes no elongation whatsoever takes place.
The mitochondrial nebenkern strikingly illustrates radiation-induced disorganization as well as blocked development. Mitochondrial filaments that are not incorporated, eventually to form the chromophylic nebenkern, fragment and disappear. Sometimes the filaments form the terminal knobs and then the whole structure disintegrates. \aCe have seen partial disintegration after irradiation FIGURE 18 Texta (T) being sloughed off in the tail region of a spermatid (7 days after 200 r). X 15,500.
FIGURE 19
Neck region of the sperm tail where half of the nebenkern (NK) is developing normally. The other half (NKR) shows reverse polarity in the growth of the thin nebenkern extension (8 days after 200 r). )< 7,600.
FIGURE ~o0
Normal spermatogenesis showing centriole C1 parallel with the flagellar filaments, and centriolar ac[iunct C2. The neighboring cell shows the Golgi body (G). X 33,000.
FIGURE °~0A
Normal spermatogenesis showing the ring centriole Ca. X 25,000.
in only one additional organelle, the nucleus. Frequently partial lysis limited to a small area can be observed in the form of single or grouped spots in the nucleus. Occasionally peripheral fissures will occur and in a more advanced phase give rise to nuclear fragmentation.
Viewing these varied forms of arrested development and loss of structural integrity, it is indeed amazing that the organelles of the second class, those that are involved in de novo synthesis of new organelles, can develop without detectable change in either form or function, although they may produce supernumerary new organelles. Since the grasshoppers were irradiated when the testes contained only spermatogonia and some spermatocytes, it follows that the irradiated centriole divided at least twice before the spermatid stage; apparently neither cellular division nor centriolar multiplication was curtailed by prior irradiation. Neither was the differentiation of the centriole to form the centriolar complex affected. The morphological effect of irradiation on the centriole was primarily quantitative and restricted to the differentiation of the centriole prefacing the formation of the set of flagellar filaments. Almost invariably irradiation causes the formation of supernumerary centriolar complexes. The components of the complex are apparently normal in form and each produces a normal set of flagellar filaments.
It should be pointed out, however, that only those centriolar complexes in direct contact with the nucleus produce a set of flagellar filaments. Hence it may be inferred that such contiguity is necessary for the formation of a set of flagellar filaments. Those supernumerary centrioles that do not come in contact with the nucleus (a frequently observed result of irradiation) enlarge and remain morphogenically quiescent.
Spermatids with radiation-induced supernumerary centrioles invariably contain more than one set of flagellar filaments, although spermatids with even two sets of flagellar filaments are seldom encountered in normal material. As many as eleven sets within one tail have been observed after irradiation. On the other hand, deviations from the normal filament number of nine peripheral groups and a central pair are never encountered in flagellar filaments derived from irradiated tissue. We can say in this instance that initiation but not subsequent differentiation of the set of flagellar filaments is radiation-sensitive.
Less frequently radiation induces the formation of supernumerary tails. The spermatid appears asymmetric, with the tails in random array. No acrosomes are found in those spermatids with more than one tail. It may be suggested, therefore, that the acrosome contributes to an axial organization of the spermatid; its absence contributes to an apolar asymmetric production of tails that may have one or more sets of flagellar filaments depending on the number of centriolar complexes. This inference will be supported further below.
The Golgi body provides another clear instance in which radiation does not disorganize normal development, but induces a replication of function. The form of the Golgi apparently remains unaltered (except for division) from the gonial to the spermatid stage. However, irradiation at the gonial stage causes the formation of not one FIGURE 51 Radiation-caused duplication of centrosomes and an atypical body (AN) probably of nuclear origin (13 days after 400 r). )< 2(5,000.
FIGURE ~2
Sperm exhibiting quadruple eentrosomal regions. Two show CL and four show C2. It is possible that all contain C1 but only two were sectioned at the proper plane to show C~ (36 days after 400 r). )< 17,500.
FIGURE ~3
Duplication of centro~omes and an atypical body which, unlike that in Fig. 21 , seems to be of eentriolar origin. CI and C2 are present in both complexes. The atypical body is very large (multiple Ct?) We have never observed a set of flagellar filaments emerging from a centriole unless C1 and C._, were in contact with the nuclear membrane (13 days after 600 r). X 25,000. acrosome but several in the spermatid. Such supernumerary acrosomes could arise in any one of three ways: first, by the division of the Golgi into several Golgi bodies of unimpaired function; second, by deposition of several groups of proacrosome granules each of which coalesces into an individual pro-acrosome; third, by the division of the pro-acrosome itself into supernumerary structures. The cytological evidence is insufficient to permit a choice among the three alternatives, although the finding of several Golgi bodies in normal spermatids by Gatenby et al. supports the first, i.e., the production of pro-acrosome granules by several Golgi bodies. When supernumerary acrosomes are observed they appear to be developed equally and indistinguishable from normal acrosomes.
We wish to suggest that the form of the nucleus is determined in part by the acrosome. Normally with one acrosome present there is axial symmetry from the acrosome to the centriole. With more than one acrosome, the nucleus tends to elongate beneath each, resulting in an asymmetric multi-angular head. (See Yasuzumi (13) for a description of normal nuclear differentiation.)
Though the texture is sometimes present in
